Vertical transmission of obligate symbionts generates a predictable evolutionary history of symbionts that reflects that of their hosts. In insects, evolutionary associations between symbionts and their hosts have been investigated primarily among species, leaving population-level processes largely unknown. In this study, we investigated the tsetse (Diptera: Glossinidae) bacterial symbiont, Wigglesworthia glossinidia, to determine whether observed codiversification of symbiont and tsetse host species extends to a single host species (Glossina fuscipes fuscipes) in Uganda. To explore symbiont genetic variation in G. f. fuscipes populations, we screened two variable loci (lon and lepA) from the Wigglesworthia glossinidia bacterium in the host species Glossina fuscipes fuscipes (W. g. fuscipes) and examined phylogeographic and demographic characteristics in multiple host populations. Symbiont genetic variation was apparent within and among populations. We identified two distinct symbiont lineages, in northern and southern Uganda. Incongruence length difference (ILD) tests indicated that the two lineages corresponded exactly to northern and southern G. f. fuscipes mitochondrial DNA (mtDNA) haplogroups (P ‫؍‬ 1.0). Analysis of molecular variance (AMOVA) confirmed that most variation was partitioned between the northern and southern lineages defined by host mtDNA (85.44%). However, ILD tests rejected finer-scale congruence within the northern and southern populations (P ‫؍‬ 0.009). This incongruence was potentially due to incomplete lineage sorting that resulted in novel combinations of symbiont genetic variants and host background. Identifying these novel combinations may have public health significance, since tsetse is the sole vector of sleeping sickness and Wigglesworthia is known to influence host vector competence. Thus, understanding the adaptive value of these host-symbiont combinations may afford opportunities to develop vector control methods.
Vertical transmission of obligate symbionts generates a predictable evolutionary history of symbionts that reflects that of their hosts. In insects, evolutionary associations between symbionts and their hosts have been investigated primarily among species, leaving population-level processes largely unknown. In this study, we investigated the tsetse (Diptera: Glossinidae) bacterial symbiont, Wigglesworthia glossinidia, to determine whether observed codiversification of symbiont and tsetse host species extends to a single host species (Glossina fuscipes fuscipes) in Uganda. To explore symbiont genetic variation in G. f. fuscipes populations, we screened two variable loci (lon and lepA) from the Wigglesworthia glossinidia bacterium in the host species Glossina fuscipes fuscipes (W. g. fuscipes) and examined phylogeographic and demographic characteristics in multiple host populations. Symbiont genetic variation was apparent within and among populations. We identified two distinct symbiont lineages, in northern and southern Uganda. Incongruence length difference (ILD) tests indicated that the two lineages corresponded exactly to northern and southern G. f. fuscipes mitochondrial DNA (mtDNA) haplogroups (P ‫؍‬ 1.0). Analysis of molecular variance (AMOVA) confirmed that most variation was partitioned between the northern and southern lineages defined by host mtDNA (85.44%). However, ILD tests rejected finer-scale congruence within the northern and southern populations (P ‫؍‬ 0.009). This incongruence was potentially due to incomplete lineage sorting that resulted in novel combinations of symbiont genetic variants and host background. Identifying these novel combinations may have public health significance, since tsetse is the sole vector of sleeping sickness and Wigglesworthia is known to influence host vector competence. Thus, understanding the adaptive value of these host-symbiont combinations may afford opportunities to develop vector control methods.
Mutualistic bacterial symbionts are commonly associated with insects that have nutrient-poor diets. The bacteria are often responsible for the synthesis of vitamins and essential amino acids that are absent from the diet. As a result, insects often have complex adaptations to harbor the bacteria and to ensure vertical transmission. Since insect hosts and their symbionts codiversify, vertical transmission results in a predictable evolutionary history of the symbionts that is expected to mirror the history of their host. In particular, maternally inherited symbionts are expected to reflect genetic patterns in host mitochondrial DNA (mtDNA). Since this pattern has been confirmed among species in several insect groups, such as aphids (29) , tsetse flies (12) , and ants (46) , symbiont genes are often used as proxies to estimate patterns of host species divergence and, ultimately, speciation (e.g., see reference 25). However, little has been done to investigate the extent to which this pattern is reflected within species. At this lower phylogenetic scale, multiple parallel factors such as demography, geography, and history may influence genetic structuring of populations. The strict vertical inheritance of many endosymbionts suggests that demographic and historical processes that influence the host should also shape genetic patterns in symbionts.
Wigglesworthia glossinidia is the primary obligate symbiont of tsetse (Diptera: genus Glossina), the sole insect vector of the pathogenic trypanosomes that cause human African trypanosomiasis (sleeping sickness). Like other obligate symbionts, Wigglesworthia is an intracellular bacterium housed in the tsetse midgut, in a specialized organ called the bacteriome (5) . In addition to the bacteriome, extracellular forms of Wigglesworthia are found in the tsetse milk gland organ. Tsetse undergoes viviparous reproduction (deposition of live larvae rather than eggs), where a single fertilized oocyte hatches into a larva in the uterus and is nourished in the intrauterine environment for the duration of its development. Nutrients and the Wigglesworthia symbiont are provided in the milk to the larva in utero (8, 13) .
Wigglesworthia is highly integrated with host biology and indispensable for several important physiological functions. In the absence of Wigglesworthia, flies are sterile (31) . Based upon vitamin biosynthetic pathways retained in the genome, Wigglesworthia likely provides the host with essential dietary supple-ments (4). Indeed, fecundity of antibiotic-treated (Wigglesworthia-cured) flies has been rescued partially by supplementing the host diet with vitamin metabolites (30) . In the laboratory, Wigglesworthia has also been shown to influence tsetse's trypanosome transmission ability indirectly, through the actions of a host immunity protein, peptidoglycan recognition protein LB (PGRP-LB) (34, 50) . There is a positive correlation between Wigglesworthia densities and PGRP-LB levels, such that high PGRP-LB levels result in reduced trypanosome transmission through the protein's putative trypanosome-inhibitory actions (34, 50) . Additionally, the presence of Wigglesworthia during larval development influences host immune maturation. Larvae developing in the uterus without Wigglesworthia gave rise to adults that were immunocompromised and highly susceptible to parasitism (34, 51) .
Each tsetse species harbors a unique, coevolved lineage of Wigglesworthia that has an ancient, intimate, species-specific relationship (7) . Phylogenetic analysis of nuclear host DNA and Wigglesworthia genes demonstrated strict coevolution among Glossina species and their obligate symbionts (12) . Furthermore, a high degree of genetic divergence among Wigglesworthia lineages from different Glossina species indicated that the Wigglesworthia symbiosis is ancient (about 50 to 80 million years old), which likely predates the Glossina diversification (12) .
Spatial and temporal patterns of genetic differentiation within and among tsetse populations have been investigated for several tsetse species by use of both mtDNA and nuclear (microsatellite locus) markers (2, 9, 26, 28, 33) . In Uganda, genetic variation in Glossina fuscipes fuscipes populations has been examined to identify relative contributions of population divergence, migration, and population size changes to disease transmission. These analyses identified stark divergence among tsetse populations that lie to the north and south of Lake Kyoga in central Uganda. In the contact zone between the northern and southern regions, gene flow was apparent in populations that had both northern and southern mtDNAs (2, 9) . Given the geographic patterns found in tsetse mtDNA and the maternal transmission of Wigglesworthia, these vector data provide an excellent opportunity to investigate how demographic processes of host species influence symbiont genetic diversity. Symbiont genetic diversity is particularly relevant because specific genotypes may influence host physiological functions (11, 22, 32) , such as vector competence (11, 22, 32) , that are essential for parasite transmission processes.
In this study, we tested whether patterns of within-species genetic variability observed in the tsetse host (G. f. fuscipes) are reflected in the patterns of genetic variation of its symbiont, Wigglesworthia glossinidia (W. g. fuscipes). To do this, we used previously collected G. f. fuscipes samples with known population genetic data (2, 9) to assess the amount of genetic variation in the symbiont and to test whether the observed W. g. fuscipes variation reflects geographic patterns observed in host G. f. fuscipes mtDNA over the same geographic scale. (12) . Orthologous genes were extracted from the two annotated and aligned genomes by using Mauve 2.3.1 (42) . Using the Bioinformatics toolbox in Matlab (The Mathworks, Natick, MA), orthologous sequences were aligned with the "nwalign" function, and open reading frames were confirmed to ensure the best alignment by using the "nt2aa" function. To find suitable regions to amplify and design primers, a 20-bp sliding window was used to scan aligned orthologous genes. Regions used to design forward and reverse primers were defined as those of 20 to 50 bp with no more than one nucleotide difference in each window that flanked 300-to 1,000-bp stretches with more than one nucleotide difference in each 20-bp sliding window. The suitable regions identified using this script were then passed to the EMBOSS 6.1.0 application eprimer3 to find 18-to 35-bp primers that amplified 700-to 1,000-bp DNA fragments. To determine variability levels in these candidate loci, the resulting primer pairs were tested by PCR and sequencing, using nine tsetse samples from three geographically disparate sites in Uganda known to have variable mtDNA haplotypes (Table 1) . Since there are multiple Wigglesworthia species within a bacteriocyte in the bacteriome and there can be hundreds of genomes in a single Wigglesworthia organism (41), we targeted genes that could be confirmed to exhibit variability only between individual flies. Therefore, candidate loci were selected for screening if PCR and sequencing resulted in a single product and variation was detected in at least two of the three sampling localities.
MATERIALS AND METHODS

Marker
Sampling. Samples were selected based upon the mtDNA haplogroups (North and South) and groups defined by microsatellite loci of the tsetse host. These comprised groups from four sites for the northern mtDNA haplogroup (MF, MY, OS, and OT) and from five sites for the southern mtDNA haplogroup (BV, KB, KK, NA, and OK), as well as groups from four sites that harbored both mtDNA haplogroups (BK, BN, JN, and MS). Ten of these sites (BV, JN, KB, KK, MF, MS, MY, NA, OS, and OT) were selected as representative of the genetically distinct tsetse groups identified using microsatellites (9) . The number of screened individuals ranged from four to six individuals per site (Fig. 1) . For four sites (BN, NA, OS, and OT), we increased the sample size by 10 to 12 individuals to examine within-population variation. Table 1 summarizes the sites, sample size, and host mtDNA haplogroups. Detailed sampling information is provided in Table S1 in the supplemental material.
Laboratory methods. DNA was extracted from whole fly bodies with the head, legs, and wings removed by using Qiagen DNeasy extraction kits (Qiagen, Inc.). For each PCR, 2 to 4 l of a 1:10 dilution of DNA extract was used. PCRs were performed using the reagents provided with GoTaq DNA polymerase and green master mix. Difficult templates were amplified using Failsafe PCR 2ϫ PreMixes buffers H and I (Epicentre Biotechnologies, Madison, WI). All PCRs used the following conditions: initial denaturation at 94°C for 5 min, 35 cycles of 94°C for 1 min, 46°C for 30 s, and 72°C for 60 s, and a final extension at 72°C for 10 min. PCR success was determined using 1% agarose gel electrophoresis. Successful PCR products were purified with ExoAp and sequenced (Yale DNA Analysis Facility). Contiguous sequences generated using forward and reverse primers and alignments of sequences were constructed using the CLCBio DNA Workbench 5.7 (Cambridge, MA). 
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Three gene fragments were screened among sampling localities (mrsA, lepA, and lon). Two of these, lepA (encoding a ribosomal translocation factor [38] ) and lon (encoding a cold shock protein [35] ), were screened among all samples. To verify that the correct gene was PCR amplified from W. g. fuscipes, we aligned orthologous genes from the W. g. brevipalpis and W. g. morsitans genomes. Once confirmed, primer sequences were removed and alignments were improved manually in MacClade 4.07 (27) .
Since each individual tsetse harbors its own maternally acquired Wigglesworthia population, sequence variants may occur in a single fly (i.e., as rare variants). To ensure that direct sequences did not capture W. g. fuscipes rare variants and were therefore appropriate for evolutionary studies, we cloned the PCR product of one of the two genes (lon [644 bp]) for one individual from each of the host northern, southern, and mixed mtDNA haplogroup sites (MF, OK, and JN, respectively) and sequenced multiple clones from each individual. PCR products were cleaned using a NucleoSpin Extract II kit from Macherey-Nagel (Bethlehem, PA) and were cloned using the pGEM-T vector system (Promega, Madison, WI). For each individual, 5 clones were selected and sequenced using the primers provided in the pGEM-T kit. Cloned inserts were prepared for sequencing using the ExoAp protocol mentioned above, and products were sequenced using the T7 primer. To confirm that cloned sequences were identical, cloned sequences from each individual were compared to each other and to direct sequences. Given the high error rate and lack of proofreading enzymes of GoTaq mix (error rate ϭ 1 ϫ 10 Ϫ4 to 7 ϫ 10 Ϫ4 error per base pair per cycle), clone sequences with one to three single-nucleotide polymorphisms (SNPs) were considered the result of PCR error (15) .
Phylogeographic measures and statistics. Relationships among haplotype lineages were inferred by using parsimony in TCS v1.21 (14) . Networks were generated for each of the three loci individually. The mrsA locus showed limited variability (see Fig. S1 in the supplemental material) but showed similar patterns to those of lepA and lon (see Fig. S1 and S2). Thus, mrsA was not used to screen the complete data set. Since the networks were not different in general, lepA and lon were concatenated, a network was built using the combined data set (see Results), and only data for these loci were used in subsequent analyses. Another network was generated by concatenating W. g. fuscipes and G. f. fuscipes host mtDNA sequences to illustrate conflict between the two markers (9) .
W. g. fuscipes genetic variation may be influenced similarly by geographic structuring processes that shape host nuclear genetic variation. Host microsatellite loci can be used as a proxy for geographic differentiation, as neutral microsatellite loci capture evolutionary processes that generate geographic patterns. In polymorphic populations, if there is decoupling of host microsatellite groups and Wigglesworthia haplogroups, then we can infer that geographic processes that shape host neutral genetic variation do not similarly affect the symbiont. To examine this, we compared assignments of individuals to W. g. fuscipes haplogroups to assignment probabilities estimated by the program Structure (37), which probabilistically assigns individuals to K clusters. For G. f. fuscipes, Beadell et al. (2, 9) found support for three geographically restricted groups, corresponding to a K value of 3. Thus, we compared the assignments of individuals to each of the three host-defined clusters and each of two W. g. fuscipes haplogroups. Structure assignment probabilities were available for individuals in only some of the populations (JN, KB, KK, MF, MS, NA, and OS), as the individuals screened differed between this study and previous studies (2, 9) . Of these, only JN and MS populations were polymorphic for W. g. fuscipes (the sites harbor both mtDNA haplogroups), and only the MF population was polymorphic in microsatellite Structure assignment (see Table S3 in the supplemental material).
To assess whether W. g. fuscipes exhibits signatures of recent population expansion, we used mismatch distributions (43) and coalescent simulations of raggedness, Fu's F s (20) , and the R2 statistic of Ramos-Onsins and Roza (40) . The raggedness statistic tests how well the observed mismatch distribution resembles the unimodal curve expected from a growing population. To complement this statistic, two more powerful statistics, Fu's F s (18) and Ramos-Onsins and Roza's R2 (36) , were used to detect deviations from the null expectation of constant population size. If a deviation from constant population size is detected, Fu's F s tends to be negative. Under the hypothesis of population growth, the R2 test results in low R2 values because of the increased numbers of singleton mutations relative to the average number of nucleotide differences in a population. We used DnaSP (45) to conduct these tests and assessed significance by comparing the observed statistics to a distribution of values generated with 5,000 coalescent simulations (44) .
Statistical analyses and hypothesis testing. In order to test for congruence between pairs of data sets, incongruence length difference (ILD) tests (19) were performed using the partition homogeneity test as implemented in PAUP* 4.10b (48) . The ILD test examines whether different loci generate conflicting evolutionary histories (tree topologies) by comparing the length of the maximum parsimony phylogenetic tree for the combined data set to the sum of the tree lengths for each of the data partitions examined separately. Statistical significance was assessed by calculating tree lengths from randomly generated data sets with the same lengths as the original partitions. When the difference was significant (P Ͻ 0.05), the null hypothesis that the two partitions produced the same phylogenetic history was rejected.
To test whether the two W. g. fuscipes loci (lepA and lon) generated congruent topologies, an ILD test was performed by concatenating the two loci. Alignments were divided into locus-specific partitions to test whether the two partitions generated equivalent topologies. To test for congruence between G. f. fuscipes and W. g. fuscipes, lepA and lon sequences for each individual were concatenated with the mtDNA sequence for the same individual (2, 9) . Alignments were divided into host and symbiont partitions to test whether the partitions generated different trees. All tests were performed with a data set that contained only a single representative of each haplotype. Tests were performed to examine two hypotheses (A and B) that investigate whether congruence exists on a fine or broad scale. First, we tested the hypothesis of "strict vertical transmission" by using the complete symbiont plus host mtDNA (1,910 bp) data set (hypothesis A). This tested whether each W. g. fuscipes haplotype was limited exclusively to a single G. f. fuscipes host mtDNA haplotype. Second, we tested the hypothesis of "broad-scale vertical transmission" (hypothesis B). This hypothesis tested whether the two groups identified in both W. g. fuscipes loci reflected the same north-south division identified by host mtDNA. Thus, for hypothesis B, any site that was variable only within a group was excluded for each of the three markers separately (lepA, lon, and mtDNA). This removed any conflict that might have arisen due to incomplete lineage sorting of the host and symbiont and tested if the northern and southern geographical groups defined by host mtDNA were identical to the two groups identified in W. g. fuscipes. For both of the above tests, additional tests were performed with invariant sites removed, since the ILD tests are known to show bias in the presence of many constant characters (16, 39, 52) .
To test whether variation in W. g. fuscipes was partitioned between the host northern and southern mtDNA haplogroups, an analysis of molecular variance (AMOVA) was performed using Arlequin 3.05 (18) . Individual W. g. fuscipes sequences were grouped according to assignment to the northern or southern host mtDNA haplogroup.
Nucleotide sequence accession numbers. Sequences JN688443 to JN688552 (lepA) and JN688553 to JN688662 (lon) have been deposited in GenBank. Accession numbers are shown for each individual fly in Table S1 in the supplemental material. Table 1 . Light gray shading corresponds to the previously identified northern mtDNA haplogroup, and dark gray illustrates the southern mtDNA haplogroup (2, 9) . The dotted line shows the western group delineated by the microsatellite loci (2, 9). Table S2 in the supplemental material). Given that primers were designed from genomes that are 20% divergent (12) , the failure to amplify and nonspecific amplification were attributed to differences in priming sites in W. g. fuscipes and thus to failure of the primers. Most variation was found in the two longer PCR fragments, from lon and lepA, which were used to screen the complete data set.
Direct sequencing resulted in chromatograms with no double peaks, suggesting the presence of a single gene sequence per individual. This was supported by comparison of the lon DNA sequences from multiple clones from one individual tsetse from each of the northern, southern, and mixed host mtDNA haplogroups with sequences obtained from direct sequencing of the PCR products. For all 3 individuals, the direct sequence was verified by at least one clone sequence. No cloned sequences had more than 3 SNPs, which is well within the expected error rate of GoTaq polymerase (Promega). All SNPs were unique to an individual clone and were not found in any other cloned individual or in the entire data set. Therefore, our cloning results support the assumption that sequences generated by direct sequencing are appropriate for inference of evolutionary relationships among populations of W. g. fuscipes, and they were used in all downstream analyses. Verification of the presence of a single clonal population of W. g. fuscipes within an individual fly would require extensive cloning and sequencing of multiple individuals and was beyond the scope of this project.
Genetic diversity, differentiation, and demography. Measures of genetic variation were obtained for 109 individuals from 13 populations (see Table S1 in the supplemental material). Based on the similar outcomes for the two loci, we concatenated the data set to 1,340 bp (ILD test; P ϭ 1.0). Of the 16 variable sites, only 3 resulted in nonsynonymous differences in the amino acid sequence (positions 453 and 552 in lepA and position 825 in lon). Two of the nonsynonymous differences were restricted to a single collection site (NA; position 825) or region (BN and BK; position 552). All 13 synonymous changes were at third codon positions. A total of 9, 5, and 10 haplotypes were identified for lon, lepA, and the combined data set, respectively. No more than two haplotypes were found for a given collection site (Table 2) . Table 2 summarizes the symbiont genetic diversity for each gene and the combined data sets. Haplotype diversity (H d ) and nucleotide diversity (͟) were similarly low for both markers. The high H d value of the BK sample was the only exception and was due to the only two sampled individuals carrying different haplotypes. This is unlikely to be representative of the variability at that site due to the small sample size. Genetic diversity was higher for symbionts from the southern than from the northern host mtDNA haplogroup.
AMOVA (Table 3 ) on all samples showed that 85.44% of genetic variation in the symbiont was attributable to the North and South divisions defined by the host mtDNA. Permutation tests revealed that this difference was significant. The AMOVA run separately on the northern and southern samples suggested that while variation in the North was partitioned approximately equally among and within sites (47.64% versus 52.36%), variation among populations (72.94%) was higher than that within populations (27.06%) for the southern sites. Table 4 shows the results of the demographic tests. Since Wigglesworthia is inherited maternally and undergoes a bottleneck when transmitted to offspring, the population demographics of tsetse mtDNA and Wigglesworthia should be similar. Mismatch distributions, coalescent simulations of raggedness, Fu's F s , and the R2 statistic of Ramos-Onsins and Roza were used on the combined lepA-lon data set to evaluate whether these loci exhibit signatures of recent population expansion. These methods were the same as those used on tsetse host mtDNA data, which revealed signatures of population expansion in northern and southern fly haplogroups (9). This does not seem to be the case for the symbiont. Mismatch tests provided raggedness values (r ϭ 0.1255 and 0.1091 for the northern and southern clades, respectively) that failed to reject the null hypothesis of constant population size (P ϭ 0.37 and 0.31, respectively) ( Table 4) . Although this was confirmed by the results of Fu's F s and R2 tests (Table 4) , these results should be interpreted with caution, because genetic variation observed in both symbiont genes was low, a factor that severely limits test power. Thus, more informative markers could help to confirm or refute the signatures of population growth found in the host populations.
Phylogeographic history. The TCS parsimony network generated using the lepA and lon combined data set identified two W. g. fuscipes lineages separated by five substitutions (Fig. 2A) , only one of which was nonsynonymous. The geographic distribution of these haplotypes is illustrated in Fig. 2B . Each of the lineages was restricted geographically to either the north or south of Lake Kyoga. Five collection sites had only a single W. g. fuscipes haplotype, only one of which was north of Lake Kyoga (OS). All other sites had two. Collection sites that contained both northern and southern mtDNA haplotypes also had haplotypes from both W. g. fuscipes haplogroups.
In Table S3 in the supplemental material). For MF, individuals from a single W. g. fuscipes haplogroup were assigned to multiple microsatellite groups. However, at sites polymorphic for W. g. fuscipes haplogroups (JN and MS), all individuals were assigned to a single microsatellite group (see Table S3 ). Since there was a decoupling between W. g. fuscipes and host microsatellite groups at the polymorphic sites MF, JN, and MS, this suggests that genetic variation in W. g. fuscipes is not generated by the same geographic processes that shape host population structure. We performed ILD tests, with and without constant characters, to evaluate the hypothesis of vertical transmission of W. g. fuscipes. Although removing constant characters did not change the outcome of the test, we show the results of both methods (Table 5 ). For hypothesis A (strict vertical transmission), using the complete 1,910-bp data set (for symbiont genes and host mtDNA), the ILD test rejects the hypothesis that mtDNA and W. g. fuscipes loci show the same phylogenetic history (Table 5 ) (P ϭ 0.009). However, for hypothesis B (broad-scale vertical transmission), when we tested whether the northern and southern groups designated by the different loci were congruent, the test failed to reject the hypothesis that northern and southern samples share the same phylogenetic history (P ϭ 1.0) ( Table 5 ). Thus, we reject hypothesis A (strict vertical transmission) but support the hypothesis that individuals with northern W. g. fuscipes haplotypes have northern host mtDNA and those with southern W. g. fuscipes haplotypes have southern host mtDNA.
DISCUSSION
Genetic diversity. This study identified two divergent and variable W. g. fuscipes lineages ( Fig. 2A ; Table 2 ) with variation distributed within and among host populations. This was not unexpected, since obligate primary symbionts such as W. g. fuscipes have elevated rates of sequence evolution relative to free-living bacteria. Higher rates of sequence evolution are attributed to multiple causes, including rare or no opportunities for horizontal gene transfer, the absence of a complete suite of DNA repair enzymes, and the occurrence of severe bottlenecks between each generation (1, 3, 12, 21, 24, 29, 49 ).
Other within-species studies have examined genetic diversity in symbionts (1, 21-24, 47, 49) . The majority of comparable studies have focused on aphids and their symbiont, Buchnera aphidicola (1, 21, 47, 49) . For example, among biotypes of Russian wheat aphids, all but four biotypes were genetically identical. The remaining four types differed by the presence of the same insertion. This small difference in biotypes is attributed to recent adaptation to new environmental conditions, a hypothesis supported by low host nuclear and mtDNA variability (47) . Similarly, in geographically distant (Ͼ1,000 km) populations of two U.S. aphid species, Buchnera variation was limited to a few variable sites (21) . This low variation has been attributed to elevated gene flow among aphid populations, which also display extremely low mtDNA divergence levels (21) . Interestingly, when symbiont variation was examined at a smaller geographic scale (Ͻ200 km apart) in Florida ant populations, genetic variation in noncoding regions of the symbiont, Blochmannia floridanus, exceeded that found in geographically distant Buchnera symbionts (23) . Though noncoding sequences might be expected to have higher substitution rates, there is no evidence that noncoding regions have elevated rates of substitution in Buchnera (21) .
Although it is difficult to make direct comparisons with other published data and our study because, with the exception of the ant symbiont study (23) , the geographic scale of sampling differs (1, 21-24, 47, 49) , our work suggests that W. g. fuscipes harbors more genetic variation than other obligate symbionts. In Uganda, we found 16 variable sites in the lepA and lon (1,340 bp) genes of W. g. fuscipes symbionts from collection sites that were no more than 500 km apart. Though the total number of variable sites is similar to that found in Buchnera, our data suggest the existence of much finer-scale variation in W. g. fuscipes, since Buchnera samples were from sites that were nearly 3,000 km apart (1, 21) .
Congruence between symbionts and host mtDNA and geographic patterns of diversity. In the majority of studies on symbionts, the primary hypothesis is that cospeciation occurs between host species and their symbionts (6, 12, 25) . Thus, symbiont genetic variation should be correlated with that of its host. Indeed, Wigglesworthia shows phylogenetic congruence with its Glossina host species (12) . Therefore, it was expected that the evolutionary history of W. g. fuscipes would be linked tightly to that of G. f. fuscipes (2, 9) . This study identified two W. g. fuscipes lineages that correspond to geographically restricted tsetse host mtDNA haplogroups ( Fig. 2A and B ; Table  5 ). Furthermore, in regions where the two mtDNA haplogroups can be found mixed within populations (BK, BN, JN, and MS), W. g. fuscipes haplotypes always sort according to their mtDNA haplogroup. This suggests that evolutionary processes influencing host genetic variability (e.g., geography) also impact symbiont genetic variability, as W. g. fuscipes haplotypic diversity sorts according to the northern and southern host mtDNA haplogroups (2, 9) ( Fig. 1; Table 2 ). Compared to geographic patterns of host nuclear variation, W. g. fuscipes haplotypes do not sort according to the three host microsatellite-based groups (see Table S3 in the supplemental material). Since microsatellite groups reflect historical geographic processes, this suggests that W. g. fuscipes genetic variation is (Table 2 ). This lower variability suggests that the rate of evolution in W. g. fuscipes is lower than that in mtDNA, at least for the loci sequenced in this study. Comparable within-species studies of symbiont polymorphism have found that symbionts and their host mtDNA have similar rates and patterns of substitution (1, 21) . Unfortunately, the lower variability in W. g. fuscipes resulted in decreased power for estimating population demographics. Thus, the population expansions identified for G. f. fuscipes mtDNA (9) could not be confirmed for the symbiont (Table 4) .
In Uganda, G. f. fuscipes phylogeographic patterns based on mtDNA and microsatellites confirmed an ancient historical break (ϳ340,000 years ago) between the North and South, with a contact zone just south of Lake Kyoga (2, 9) (Fig. 1) . Further subdivision was identified in western Uganda (KK, KB, MS, and MF) ( Fig. 1) (2, 9) . The data from W. g. fuscipes support the ancient subdivision between the North and South ( Fig.  2A) . Furthermore, AMOVA showed that the majority of variation in the data set was partitioned between northern and southern mtDNA haplogroups (Table 3 ). Based on the W. g. fuscipes data, with the exception of the KK population, the remaining western populations are comprised solely of haplotypes not found elsewhere, supporting the separation of this western group. All individuals in the KK population had the same, most common W. g. fuscipes haplotype, supporting an ancient connection between southern and western tsetse populations ( Fig. 2A and B) . Like the case with mtDNA (2, 9), genetic differentiation within the northern lineage was lower than that observed in the southern lineage as determined by AMOVA (Table 3) .
On a broad scale (North and South), the mtDNA and symbiont data are congruent with one another and generally support the pattern of vertical inheritance (hypothesis B) ( Table  5 ). In no individual fly was there conflict between mtDNA and W. g. fuscipes haplotypes in assigning individuals to either a northern or southern group, even in the contact zone, where individuals from both the northern and southern haplogroups can be collected (hypothesis B) ( Table 5) . Independence from the host microsatellite groups suggests that W. g. fuscipes variation is not shaped by more recent geographic structuring processes and further supports the evidence that W. g. fuscipes is transmitted vertically. However, congruence was not found in comparing the patterns of symbionts and host mtDNA within each of the northern and southern haplogroups (hypothesis A) ( Table 5 ). With strict vertical transmission, it is expected that either each mtDNA haplotype has a single W. g. fuscipes haplotype or each W. g. fuscipes haplotype has a single mtDNA haplotype. Based on our sequence data, this is not the case ( Fig. 2C ; see Fig. S1 and S2 in the supplemental material). When W. g. fuscipes sequences were compared to host mtDNA on a fine scale (hypothesis A), ILD tests showed conflict between data sets (P Ͻ 0.05) ( Table 5 ; Fig. 2C ).
There are several possible explanations for the conflict between host and symbiont genetic markers. First, it is possible that W. g. fuscipes is not strictly vertically inherited. In adult tsetse, Wigglesworthia symbionts are found intracellularly in the bacteriome and in a separate free-living population in the female milk gland (34) . Transmission of Wigglesworthia to the offspring happens while larvae are in utero, through female milk secretions (13) . There is no evidence that males have such free-living populations or that they can transmit their own Wigglesworthia bacteria. In free-living bacteria, it is common for genes to be exchanged in linkage groups such that different parts of the genome have different evolutionary histories. Based upon known tsetse physiology, populations of Wigglesworthia from different individual flies do not come in contact with each other and therefore are unlikely to have opportunities to undergo recombination. While rare, cryptic horizontal transfer cannot be ruled out entirely, W. g. fuscipes symbionts are shared only between mother and offspring, and males cannot transmit the bacteria to offspring, so this explanation for incongruence between mtDNA and W. g. fuscipes is unlikely.
Second, it is possible that selection acts differently within and among G. f. fuscipes populations and therefore influences W. g. fuscipes. Wigglesworthia is known to impact not only fecundity of the host but also its immunity (34, 50, 51) . In the absence of W. g. morsitans, colony G. m. morsitans flies are more likely to acquire trypanosome infections, which bears a fitness cost for the tsetse host (34, 50) . As such, it is possible that different genotypes of W. g. fuscipes may differentially influence host vector competence. Since human African trypanosomiasis, commonly known as sleeping sickness, occurs in geographically distinct foci (10, 36) , it is possible that W. g. fuscipes symbionts converge on advantageous genotypes inside geographically distinct disease foci, thus resulting in individuals with the same W. g. fuscipes haplotypes but different mtDNA haplotypes. The two W. g. fuscipes loci investigated here are housekeeping genes that function to encode either a ribosomal translocation factor (lepA) (38) or a heat shock protein (lon) (35) . Though these genes are not obviously associated with immune responses, it is possible that they may be linked to other genes that are under selection. Future studies of genomewide variation in Wigglesworthia bacteria from trypanosome-infected and uninfected flies within a population will address this hypothesis. However, even if selection can explain the one instance of incongruence (e.g., haplotype 8), it does not explain the incongruence at silent sites, rendering this hypothesis also unlikely.
Finally, the most likely reason for the observed incongruence between W. g. fuscipes and its host mtDNA within the mtDNA haplogroups is incomplete lineage sorting, a phenomenon commonly observed in examining recently diverged genes (17) . If multiple haplotypes occur at a single locus in an ancestral population, then the stochastic process of genetic drift will eventually fix alleles in some populations through the process of lineage sorting. In W. g. fuscipes, this process appears to have occurred at site MS (Fig. 2) , since all northern individuals have a single mtDNA haplotype and a single W. g. fuscipes haplotype. However, if divergence is too recent and genetic drift has not fixed haplotype combinations, this will lead to conflict between markers and to misleading information about among-population relationships due to differences in coalescence times for each gene (including those from the host) (17) . Thus, our observed mtDNA-symbiont incongruence within northern and southern host mtDNA haplogroups could be the result of random haplotype combinations present in the ancestral northern (or southern) population. Again, whole-genome sequencing approaches will test this hypothesis by using genomewide scans of variability among different loci exhibiting different disease transmission dynamics.
Relevance to public health. Vector control has been shown to be effective for curbing tsetse-transmitted diseases. Understanding the processes that influence trypanosome infection of tsetse and identifying populations that are likely to be susceptible to parasite infections can enhance disease control efforts. Wigglesworthia and other symbionts (e.g., Sodalis) are known to influence trypanosome infection processes in tsetse (22, 34, 50) . In Sodalis, tsetse's commensal secondary symbiont, different genotypes have been identified in trypanosome-infected and noninfected populations (22, 34, 50) , illustrating that understanding the genetic variability of symbionts is critical to understanding trypanosome transmission dynamics. It is possible that a similar type of variability influences trypanosome establishment through variation in W. g. fuscipes.
Here we show that genetic diversity in W. g. fuscipes occurs within and among fly populations and that there are several unique combinations of W. g. fuscipes in different host backgrounds (as defined by mtDNA). While some variation is attributable to tsetse phylogeographic history (e.g., see references 2 and 9), some variants may generate unique gene combinations that are more apt to prevent trypanosome establishment and thus increase the fly's potential to become less susceptible to parasite establishment. A more detailed understanding of the adaptive value of certain host-symbiont haplotypic combinations, especially with regard to parasite establishment, may provide novel insights and tools for vector and parasite control.
